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Abstract
There is increasing evidence that mobile colloids facilitate the long-distance transport of contaminants. The
mobility of fine particles and macromolecules has been linked to the movement of actinides , organic
contaminants, and heavy metals through soil. Direct evidence for colloid mobility includes the presence of
humic materials in deep aquifers as well as coatings of accumulated clay, organic matter, or sesquioxides on
particle or aggregate surfaces in subsoil horizons of many soils. The potential for colloid-facilitated transport
of contaminants from hazardous-waste sites requires adequate monitoring before, during, and after in- situ
remediation treatments.
A lysimeter is a device permanently installed in the soil to sample soil water periodically. Zero-tension
lysimeters (ZTLs) are especially appropriate for sampling water as it moves through saturated soil, although
some unsaturated flow events may be sampled as well. Because no ceramic barrier or fiberglass wick is
involved to maintain tension on the water (as is the case with other lysimeters), particles suspended in the
water as well as dissolved species may be sampled with ZTLs. Conventionally, ZTLs consist of shallow pans or
troughs that are inserted laterally into the soil from an access pit or trench. But conventional design and
installation of ZTLs leads to a number of problems. First, digging access pits or trenches to depths appropriate
for sampling subsurface materials may be impractical or prohibitively costly. Second, disturbance of trench
walls by digging equipment (e.g., smearing of the pit walls; fractures induced by the jarring of backhoe
buckets) may alter physical conditions and limit interpretations and predictions for unsampled sites. Finally
(and most importantly), the time and space required to install a conventional ZTL may place limitations on
the number of replications possible at a given site and thereby limit appropriate monitoring of spatial
variability .
To address these problems, a ZTL design is proposed that is more suitable for monitoring colloid-facilitated
contaminant migration. The improved design consists of a cylinder made of polycarbonate or
polytetrafluoroethylene (PTFE) that is placed below undisturbed soil material. In many soils, a hydraulically
powered tube may be used to extract an undisturbed core of soil before placement of the lysimeter. In those
cases, the design has significant advantages over conventional designs with respect to simplicity and speed of
installation. Therefore, it will allow colloid-facilitated transport of contaminants to be monitored at more
locations at a given site.
Zero-tension lysimeters are intended to capture samples of suspended colloids as they move in the vadose
zone. The specific benefits of the proposed design are related to the simplicity of installation and the
concomitant reduction of cost of monitoring. Because more ZTLs of the proposed design than of the
conventional design can be installed to assess site variability, more accurate monitoring of contaminant
transport before, during, and after remediation will be achieved. In addition, because of the improved spatial
resolution in sampling and monitoring, if contaminants are mobilized, their source can be more easily
identified than with piezometer-based monitoring methods.
The improved zero-tension lysimeters described in this proposal have been installed at five sites contaminated
with americium and plutonium at Rocky Flats Plant, Golden, Colorado. Rainfall simulation experiments have
been performed to test the ability of the improved lysimeters to intercept mobile colloids and actinides and to
compare their behavior with that of conventional zero-tension lysimeters.
This report is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/ameslab_isreports/103
Zero-tension lysimeters have been installed near Ames, Iowa, where colloid- facilitated transport of heavy
metals (Cu, Ni, Cd, and Zn) in municipal sewage sludge amendments is monitored. in water samples collected
from the lysimeters, suspended colloid concentrations, heavy metals, dissolved organic carbon, electrical
conductivity, and pH are determined. Rainfall simulation experiments designed to simulate the intensity of
typical summer storms will be completed along with transport simulation trials designed to identify the initial
pH and ionic strength levels of soil water that are most conducive to mobilization of organic and phyllosilicate
colloids and associated metals.
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ABSTRACT 
There is increasing evidence that mobile colloids facilitate the long-distance 
transport of contaminants. The mobility of fine particles and macromolecules has 
been linked to the movement of actinides , organic contaminants, and heavy 
metals through soil. Direct evidence for colloid mobility includes the presence of 
humic materials in deep aquifers as well as coatings of accumulated clay, organic 
matter, or sesquioxides on particle or aggregate surfaces in subsoil horizons of 
many soils. The potential for colloid-facilitated transport of contaminants from 
hazardous-waste sites requires adequate monitoring before, during, and after in- 
situ remediation treatments. 
A lysimeter is a device permanently installed in the soil to sample soil water 
periodically. Zero-tension lysimeters (ZTLs) are especially appropriate for sampling 
water as it moves through saturated soil, although some unsaturated flow events 
may be sampled as well. Because no ceramic barrier or fiberglass wick is involved 
to maintain tension on the water (as is the case with other lysimeters), particles 
suspended in the water as well as dissolved species may be sampled with ZTLs. 
Conventionally, ZTLs consist of shallow pans or troughs that are inserted laterally 
into the soil from an access pit or trench. But conventional design and installation 
of ZTLs leads to a number of problems. First, digging access pits or trenches to 
depths appropriate for sampling subsurface materials may be impractical or 
prohibitively costly. Second, disturbance of trench walls by digging equipment 
(e.g., smearing of the pit walls; fractures induced by the jarring of backhoe 
buckets) may alter physical conditions and limit interpretations and predictions for 
unsampled sites. Finally (and most importantly), the time and space required to 
install a conventional ZTL may place limitations on the number of replications 
possible at  a given site and thereby limit appropriate monitoring of spatial 
variability . 
To address these problems, a ZTL design is proposed that is more suitable for 
monitoring colloid-facilitated contaminant migration. The improved design consists 
of a cylinder made of polycarbonate or polytetrafluoroethylene (PTFE) that is 
placed below undisturbed soil material. In many soils, a hydraulically powered 
tube may be used to extract an undisturbed core of soil before placement of the 
lysimeter. In those cases, the design has significant advantages over conventional 
designs with respect to simplicity and speed of installation. Therefore, it will allow 
colloid-facilitated transport of contaminants to be monitored at more locations at a 
given site. 
Zero-tension lysimeters are intended to capture samples of suspended colloids as 
they move in the vadose zone. The specific benefits of the proposed design are 
related to the simplicity of installation and the concomitant reduction of cost of 
monitoring. Because more ZTLs of the proposed design than of the conventional 
design can be installed to assess site variability, more accurate monitoring of 
contaminant transport before, during, and after remediation will be achieved. In 
addition, because of the improved spatial resolution in sampling and monitoring, if 
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contaminants are mobilized, their source can be more easily identified than with 
piezometer- based monitoring met hods. 
The improved zero-tension lysimeters described in this proposal have been 
installed at five sites contaminated with americium and plutonium at Rocky Flats 
Plant, Golden, Colorado. Rainfall simulation experiments have been performed to 
test the ability of the improved lysimeters to intercept mobile colloids and actinides 
and to compare their behavior with that of conventional zero-tension lysimeters. 
Zero-tension lysimeters have been installed near Ames, Iowa, where colloid- 
facilitated transport of heavy metals (Cu, Ni, Cd, and Zn) in municipal sewage 
sludge amendments is monitored. in water samples collected from the lysimeters, 
suspended colloid concentrations, heavy metals, dissolved organic carbon, 
electrical conductivity, and pH are determined. Rainfall simulation experiments 
designed to simulate the intensity of typical summer storms will be completed 
along with transport simulation trials designed to identify the initial pH and ionic 
strength levels of soil water that are most conducive to mobilization of organic and 
phyllosilicate colloids and associated metals. 
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TECHNOLOGY NEED I Zero-tension lysimeters (ZTLs) are needed to monitor contaminant migration in 
conjunction with mobile colloids. They are applicable where a contaminated site is 
undergoing in-situ remediation treatment that leaves the soil physically 
undisturbed. Their use would be also be recommended in other contexts where 
colloid-facilitated transport of contaminants is suspected or must be quantified in 
near-surface environments, but .where remediation is not actively taking place. 
Unfortunately, zero-tension lysimeters of the conventional design are expensive to 
install because they require significant excavation and disturbance of the soil. 
A zero-tension lysimeter that can be installed in much less time and with less site 
disturbance than conventional ZTLs was developed and demonstrated in this 
project. The technology is most suitable where contaminants have impacted the 
soil surface. Where contaminants are deeply buried below the soil surface, the 
improved zero-tension lysimeter may be employed only if physical disturbance of 
the soil overlying the lysimeter is not expected to  affect colloid mobility 
significantly (perhaps the case in fairly coarse-textured deposits). 
BACKGROUND AND THEORY 
Some environmental contaminants (e.g., heavy metals and certain radionuclides) 
have been assumed to  be immobile in soils because they are strongly sorbed to 
soil solid phases in laboratory batch studies (e.g., McBride, 1989). However, 
contaminant mobility may be greatly enhanced in situations where solid-phase 
components are themselves mobile. There is increasing evidence that mobile 
colloids can facilitate the long-distance transport of soil contaminants (McCarthy 
and Zachara, 1989). The mobility of naturally occurring fine particles and 
macromolecules has been linked to the movement of actinides (Penrose et al., 
19901, organic contaminants (Enfield and Bengtsson, 1988; Dunnivant et al., 
1992), and heavy metals (Dunnivant et al., 1992) through soil. Devices designed 
to monitor the movement of colloids and associated contaminants are needed both 
at sites where significant levels of contaminants are present as well as at sites 
undergoing active in-situ remediation treatments to  remove contaminants. 
Natural colloidal materials in soils include humic macromolecules synthesized 
during microbial oxidation of vegetative materials (Stevenson, 19821, certain 
microorganisms (Corapcioglu and Haridas, 19851, precipitated sesquioxides (e.g., 
iron and manganese oxides), and phyllosilicate clay minerals (e.g., smectites and 
micas)(Hayes and Himes, 1986; Borchardt, 1989). Many environmental factors 
influence colloid mobilization, ranging from the pH, redox potential, and osmotic 
potential (related principally to  ionic strength) of the soil solution (Thompson et al., 
1976) to  the size and continuity of pores in the soil (Beven and Germann, 1982; 
Thompson, 1987). The drainage regime of the soil appears to be a master variable 
and predictor in this regard (Scharf and Thompson, 1990). 
1 
Direct evidence for natural colloid mobility includes the presence of humic 
materials in deep aquifers (Thurman, 1985) as well as coatings of accumulated 
clay, organic matter, or sesquioxides on particle or aggregate surfaces in subsoil 
horizons of many soils (Bullock and Thompson, 1985). Unfortunately, relatively 
little quantitative information about colloid mobility is available, including 
identification of the near-surface conditions that initiate colloid transport as well as 
long- and short-term fluxes of colloids in different kinds of soil. Significant colloid 
transport is probably coincident with preferential flow of water in soils. Thus, it 
may occur under saturated soil conditions when large, continuous pores function 
to conduct water, solutes, and suspended particles. On the other hand, colloids 
may also be mobilized by preferential flow that occurs in dry, unsaturated soil. 
Two kinds of colloid mobilization can be distinguished: (1) dispersion of 
organomineral colloids or discrete organic colloids containing radionuclides and 
metal ions and (2) preferential flow of suspended soil colloids and/or soluble 
contaminants in soil macropores. 
Chemical dispersion of colloids in soil may occur (a) when water that has a low 
osmotic potential (i.e., low ionic strength) or a high pH moves through the soil 
(Sposito, 19841, (b) when water (e.g., irrigation water) with a large sodium 
content is added to the soil (Thompson et al., 1976; Yousaf et ai., 1987),(c) when 
low-molecular-weight organic anions produced by soil microorganisms are sorbed 
on mineral surfaces, increasing the net negative surface-charge density (Oades, 
19841, and (d) when iron oxides that normally act as cements between particles 
are dissolved by low oxidation-reduction potentials (Vepraskas, 1 992). Physical 
dispersion of soil colloids typically occurs when dry soils are suddenly wet, e.g., 
by a rainstorm. Swelling pressures caused by imbibition of water and compression 
of air in soil aggregates can cause particles to be sloughed from the aggregates 
and carried with the moving water. 
Preferential flow. Most soils contain macropores, Le., large, continuous pores 
(greater than about 1 mm in diameter) through which water can move rapidly 
(Beven and Germann, 1981). Macropore flow may occur in either saturated or 
unsaturated soils, but greater quantities of water and dissolved species can move 
in a given period under saturated conditions. If water is applied to soil so that 
saturated flow occurs, dissolved species and suspended colloids may flow 
downward, primarily through macropores, invalidating predictions of their fate that 
assumed uniform mixing of solute with the soil. Such conditions may occur when 
high fluid rates are used, when the soil is already near saturation at the time of 
application, or where heavy precipitation shortly follows application of water. 
Alternatively, if water is applied to a dry soil surface where large cracks are 
present, unsaturated vertical flow may occur in the cracks. Enfield and Bengtsson 
(1988) have suggested that organic colloids may actually move through soil faster 
than small molecules because colloid movement is restricted to relatively 
continuous macropores. 
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Although there has been considerable interest recently in colloid-facilitated 
transport of many types of contaminants in soil (McCarthy and Zachara, 1989; 
Corapcioglu and Haridas, 1985; Dunnivant et al., 1992; Vinten et al., 1983a, bf, 
many questions remain. There have been very few investigations to establish 
near-surface fluxes of organic and/or inorganic colloids under ambient climatic 
conditions. Moreover, it is not known which of the possible mechanisms of colloid 
transport described above are most significant in field situations. The lysimeter 
described in this report is a device intended to sample mobile soil water, mobilized 
colloids, and any associated contaminants. 
DESIGN AND INSTALLATION 
Design of an Improved Zero-Tension Lysimeter 
Figure 1 depicts the zero-tension lysimeter's design (Thompson and Scharf, 1994). 
It was adapted from the ideas of Howitt and Pawluk (1985). The lysimeter 
consists of a cylinder that is 8 cm long, has an 8.9-cm outside diameter, and is 
sealed to a base at one end. The upper 1 cm of the cylinder is indented by 2 mm 
so that an 8.3-cm (inside diameter) ring can fit at  the top. A polyester screen with 
150-um openings is placed between the cylinder and the ring and bonded into 
place. The ring's edge is beveled at a 35-degree angle to penetrate 
unconsolidated soil material that overlies the lysimeter upon installation in the soil. 
The base plate is cut from a solid cylinder of polycarbonate the same diameter as 
the open cylinder. Cutting the base from a solid cylinder at a slight angle 
produces a sloping floor for the lysimeter. This design insures that water will be 
directed toward a sampling nipple at the base of the lysimeter. 
A rigid sampling nipple (3.2 mm OD, 1.6 mm ID) is inserted through the wall of the 
cylinder at the lowest point of the sloping floor and bonded in place with epoxy. 
A fluorinated ethylene propylene (FEP) tube of length appropriate for the depth of 
lysimeter installation is attached to the sampling nipple. Near the top of the 
cylinder, a second rigid nipple (same size as the sampling nipple) is inserted and 
epoxied into the wall to provide an outlet for air as water moves into the cavity 
and also to allow air to enter the lysimeter during sample extraction. A flexible 
polyester tube leading to the soil surface is attached to the vent nipple. Tubes for 
both the sampling nipple and the vent nipple are attached by short (about 5 cm) 
piece of connecting polyethylene tubing (2.0 mm ID). 
Lysimeter prototypes have been constructed of both polycarbonate and PTFE. 
Both materials minimize sorption of either contaminants or natural, suspended 
colloids by the device itself. PTFE also has excellent resistance to a very large 
number of chemicals and pH ranges. A PTFE base probably provides somewhat 
greater rigidity and durability for the lysimeter, although in the period of this study 
no difference between the two materials was observed. 
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+ 8.2cm I.D. .-q 
Figure 1. Design of the z nsio I! simete 
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To insure that only undisturbed soil material directly overlies the lysimeter, it is 
sized to be 1.3 cm smaller than the diameter of a soil core removed with the 10.2- 
cm-diameter sampling tube of a Giddings hydraulic soil coring and sampling 
machine (Giddings Machine Company, Fort Collins, Colorado). This is the largest 
tube currently available and the largest tube practical for sampling most soils with 
the conventional Giddings soil coring machine. If other means are available to  
remove an undisturbed soil core of larger diameter, the lysimeter may be enlarged 
proportionately. Given the variabilities of pore- and aggregate-size distributions in 
most soils, it is not recommended that the lysimeter be made smaller. 
Normal Method of Installation 
The ZTL is installed when the soil is dry enough that an undisturbed core can be 
extruded from the sampling tube easily. The appropriate water content will vary 
from soil t o  soil, depending especially on clay content. A Giddings hydraulic soil 
probe is used to  collect an undisturbed core about 10 cm in diameter and 
approximately as long as the desired depth of lysimeter placement. The Giddings 
unit may be mounted on a pickup, a trailer, or a tractor (Fig. 2). 
The installation steps are: 
(1) Remove an undisturbed core of soil to  the chosen depth. 
(2) Unscrew the cutting bit from the sampling tube and gently extrude a length 
of the core that corresponds to the length of the lysimeter (i.e., about 9.5 cm). 
(3) Before placing the lysimeter in the ground, place enough acid-washed, silica 
sand onto the screen at the top of the cylinder to fill the cavity and provide 
hydraulic contact with the overlying soil. Then place the lysimeter at the base 
of the hole and surround it with sand for stability. 
(4) Replace the core in its hole so that it seats well on the beveled cylinder of 
the lysimeter (Fig. 3). The core may be supported with a length of fishing line 
as it is lowered gently into the hole; then the line is slipped from under the core 
before pushing the core down onto the beveled edges of the lysimeter. 
The sand at the top of the lysimeter should have a uniform size distribution, 
chosen to  be slightly smaller than the size of the dominant conducting pores in the 
overlying soil (e.g., 1-2 mm). We have used tumbled sand from Granusil Corp., 
LeSueur, MN 56058. Depending on the roughness of the soil core's base, a 
thickness of about 1 cm of sand should be sufficient to provide contact between 
the soil and the lysimeter. 
Installation Options 
This installation technique has been successfully used to  a depth of 50 cm in a 
variety of unsaturated soils in Iowa as well as at the Rocky Flats Environmental 
Technology Site in Colorado (see below). Deeper placements are possible in 
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Figure 2. Truck-mounted Giddings soil probe about to pull up an undisturbed core 
of soil. 
Figure 3. Lowering an undisturbed core of soil into its original hole and on top of 
a zero-tension lysimeter placed at the base of the hole. 
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principle, but the logistical problems of placing the lysimeter in the hole, of 
extruding an undisturbed soil core from the sampling tube, and of lowering the 
intact core to the lysimeter are reasons for caution. Where concerns about 
maintaining the physical organization of the soil are minimal (e.g., where the soil 
above the lysimeter depth has been recently tilled or where distributions of pore 
size and continuity are relatively uniform), it may not be necessary to maintain an 
undisturbed core above the lysimeter. In such instances, the lysimeter's hole 
could be excavated with a bucket auger by hand, and the lysimeter may be placed 
considerably deeper than 50 cm. Another scenario in which a bucket auger 
installation would be appropriate would be where the soil is too rocky or cemented 
to allow recovery of an undisturbed core by a Giddings probe. 
Sampling and Maintenance 
Samples of soil solution or suspension are removed from the lysimeter by applying 
suction to the sampling tube with a hand pump or peristaltic pump (Fig. 4). 
Normally, sampling will take place shortly after it is believed that saturated water 
flow has occurred in the soil, e.g., spring snow melt, long periods of rain in spring, 
heavy rainstorms, etc. Sampling interval depends upon depth of lysimeter 
placement as well. The lysimeter may be especially useful to monitor colloid 
mobilization and transport during in-situ remediation treatments that require long 
periods of saturation and significant fluid flux. 
When there is intense rainfall on a relatively dry soil, water may enter zero-tension 
lysimeters under conditions of unsaturated flow. After micropores and mesopores 
near the soil surface fill with water, further rainfall "spills over" into macropores 
(Bouma and Dekker, 1977). Unsaturated flow into the lysimeter occurs when one 
or more conducting macropores (associated with faunal activity, root growth, or 
shrinkage cracks) are in direct contact with the layer of sand at the top of the 
lysimeter. Therefore, sampling the ZTL is recommended after each significant 
event, even if saturated flow was unlikely; 
It is useful to place a fine mesh screen (e.g., with 150-mm openings) at the end a 
the vent tube and a cap a t  the end of the sampling tube to prevent occupation of 
the tubes by insects and arachnids. We have found it helpful to mark the location 
of sampling and air tubes where they emerge from the ground by leading them into 
a brightly painted polyvinyl chloride pipe placed vertically into the ground near the 
lysimeter. Periodically, the lysimeters may be cleaned in situ by pumping in a 
detergent solution which is allowed to sit for 24 hours before being flushed 
thoroughly by pumping with distilled water. Strongly alkaline cleaning solutions 
such as sodium hypochlorite may etch polycarbonate ZTLs and should be avoided. 
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Figure 4. Retrieving water collected in the zero-tension lysimeter. 
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A ZTL constructed of polycarbonate cost approximately $60 for labor and 
materials. 
A ZTL constructed of PTFE cost approximately $200 for labor and materials. 
The cost of installation includes labor and access to a Giddings soil probe. Once 
experience has been gained at installation procedures, each installation (at 50 cm 
depth in unconsolidated soil) takes two people about 45 minutes. 
A trailer-mounted Giddings soil probe cost about $20,000 in 1994. 
FIELD INVESTIGATIONS: ROCKY FLATS ENVIRONMENTAL TECHNOLOGY SITE, 
GOLDEN, COLORADO 
Site Context 
A general description of the soils at the Rocky Flats Environmental Technology Site 
is found in Appendix A of this report. 
Soils near the 903 Pad at Rocky Flats Plant have been contaminated as a result of 
leaking barrels of Pu-contaminated oil (McGehee et al. 1994) (Fig. 5). Surficial soil 
horizons within 1 km of the pad were subsequently contaminated by wind 
dispersal of Pu oxide particles during clean-up operations. Areal and vertical 
surveys of Pu concentration in Rocky Flats soils suggest that Pu contamination 
resides mainly in the upper 10 cm of the soil, but that as much as 10% of the 
total Pu deposit has migrated to deeper levels (Litaor et at., 1994). Elevated 
concentrations of Pu have also been found in filtered water samples from seeps 
and in stream sediments along nearby Woman Creek, suggesting that some Pu has 
been carried through or over the soil and has affected groundwater and surface 
water quality. 
The mechanisms and rates of actinide migration at the site have been the focus of 
a study conducted by M.I. Litaor of EG&G/Rocky Flats. Transport of Pu in 
colloidal form or associated with natural colloids has been documented or inferred 
elsewhere (e.g., Penrose et at., 1990). Therefore, an important part of Dr. Litaor’s 
Rocky Flats investigation is in-situ documentation of colloid mobilization. At five 
intensively monitored sites on a hillslope east of the 903 Pad (Fig. 61, soil solution 
is sampled by both tension lysimeters and conventional zero-tension lysimeters 
(polyvinyl chloride troughs inserted laterally in the soil) that are installed at five 
intensively monitored sites. In addition to sampling soil water moving under the 
influence of ambient precipitation and snow melt events, rainfall simulation studies 
have been conducted to  simulate extreme storm events at each site. 
Chemical, physical, and descriptive information about the monitored soils near the 
903 Pad is found in Appendix B of this report. 
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Figure 5. Location of the 903 storage pad at Rocky Flats. 
Figure 1. Hillslope east of the 903 storage pad where intensively monitored soil pits 
and ZTLs are located. 
Installation Trials and Rainfall Simulation Demonstrations at Rocky Flats 
1993. The improved zero-tension lysimeters described in this report were installed 
near the five intensively monitored sites (Fig. 7). It was expected that installation 
of the lysimeters by collecting undisturbed cores would be difficult at Rocky Fiats 
because of the potential for contamination of the pickup-mounted Giddings soil 
probe. In addition, the soils at the site are known to contain large amounts of 
coarse fragments. Finally, access to much of the site was limited by previously 
installed equipment. Therefore, our first attempts at ZTL installation at RFETS 
were by a manual method. 
During the week of August 16, zero-tension lysimeters constructed of PTFE were 
installed by hand-digging a small access hole to the appropriate depth, placing the 
lysimeter under an undisturbed portion of the soil, and closing the hole (Fig. 8). 
The manual instaliation technique had worked well at a practice site in Iowa. 
However, installations at RFETS were slowed greatly by the compact nature of the 
soil. In addition, we found it very difficult to level the lysimeters in the holes and 
to  push them up into an even contact with the roof of the excavated cavities. 
Finally, site work rules (e.g., requirements of personal protective clothing, worker 
training, lightning advisories, and limitations on permissible periods of intense 
labor) resulted in the installation of fewer lysimeters than had originally been 
planned. During the four days we were at RFETS, we were able to  install one 
PTFE lysimeter near each of four monitored pits and one polycarbonate lysimeter 
near one pit. These installations required approximately 64 person-hours of labor. 
During the week of September 20, we completed installation of additional zero- 
tension lysimeters constructed of PTFE at RFETS. The final lysimeter was installed 
near Pit 5 of the intensively monitored site. In August, we had encountered 
problems with the manual installation technique because of the dry, compacted, 
and clayey soil materials at the site. We devised an alternative method of 
installation by using a right-angle drill to auger the required lateral cavity. That 
approach greatly speeded installation of the lysimeters in September. 
Following lysimeter installation, we set up a plot-size rainfall simulator (Bowyer- 
Bower and Burt, 1989) constructed for this project and conducted rainfall tests at 
three of the five sites (Fig. 9). The tests were intended to  document that 
infiltrating rainwater would be intercepted by the lysimeters as well as to  learn the 
approximate amount of water required to initiate saturated flow of water and 
transport of colloids in the different soils at the site. Unfortunately, water was 
collected only from one of the lysimeters at Pit 1, and that only after 20 cm of 
simulated rain (over a two-hour period) had fallen. At Pit 2 and Pit 5, not enough 
soil water was collected to  characterize for the parameters of electrical 
conductivity, pH, alkalinity, turbidity, dissolved organic carbon, and actinides. 
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Figure 7. Placement of zero-tension lysimeters near intensively monitored soil pits. 
Figure 2. Manual installation of the ZTLs required digging a small 
access hole and placing the lysimeter under an undisturbed 
portion of the soil. 
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Figure 3. Conducting rainfall simulation experiments at Rocky 
Flats. 
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The failure to  collect water in the lysimeters installed at the Rocky Flats Plant was 
in direct contrast to our experience with the lysimeters installed at the Ames site, 
where water has been collected in the lysimeters after virtually every rain since 
7992. We have developed three hypotheses to explain the results at Rocky Flats: 
(1) The soils at Rocky Flats have less macroporosity than the soils tested in Iowa 
as a result of less faunal activity. (2) Most of the Rocky Flats sites occurred on 
slopes of 8-13%. To the extent that lateral water flow dominated at these sites, 
the lysimeters would have been bypassed. (3) Installation of the lysimeters 
provided insufficient hydraulic contact between the sand at the top of the 
lysimeter and the overlying soil. Of these hypotheses, (2) and (3) seem the most 
likely . 
1994. During the week of July 17, we installed five additional ZTLs at the Rocky 
Flats research site. Instead of using the manual installation method of 1993, we 
used a pickup-mounted hydraulic soil probe (Giddings rig) to  remove cores of soil 
before placing the ZTLs in the soil. The approach worked well at the site when 
the truck was anchored to the soil. We collected undisturbed cores of soil as long 
as 50 cm, and the probe could have gone deeper. These cores provided excellent 
morphological documentation concerning the likelihood of preferential flow of 
water in soil macropores. 
Because of physical access restraints, all the lysimeters installed in 1994 were in 
the vicinity of Pit 5, which is the pit nearest the 903 Pad and where contaminated 
soil was previously determined to occur at the surface. There was a stone line at 
all locations sampled; it occurred between about 13 and 20 cm depth. It 
consisted of stones 1-3 cm in diameter, and it probably had a significant effect on 
water movement to the subsoil at the site. We installed two ZTLs in place of the 
stone line (ZTL Sites LY53 and LY55) and two at  the bottom of the stone line (ZTL 
Sites LY54 and LY56). One ZTL was installed at 20 cm depth and below 
disturbed soil material to evaluate the effect of physical disturbance of the surface 
horizon on colloid and actinide migration (ZTL Site LY52). 
During the week of August 15, we conducted rainfall simulation experiments at 
the sites where ZTLs had been installed in July. Turbidity, electrical conductivity, 
pH, alkalinity, and temperature were determined in the field for most samples. 
Dissolved organic carbon in water samples was determined in Ames by Pt- 
catalyzed, low-temperature combustion on a Shimadzu TOC 5050. Analytical data 
for both simulated and subsequent natural rainfall are presented in Table 1. 
We also determined that two of the five ZTLs installed during 1993 were 
functioning. Although the 1993 method of installation is not recommended, we 
continued to  monitor and sample these ZTLs during the life of the project. 
The simulated and natural precipitation data of Table 1 indicate that the lysimeters 
installed by using the Giddings soil probe to  remove an undisturbed core of soil 
functioned well to  capture water that moved through the soil in response to  
precipitation. The data also document the large variation both spatially and 
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Table 1. Simulated and Natural Preciptation Data - Rocky Flats Environmental Techonology Site 
Looation Approximate Vdume VhaI * Dbrdved 
Samplingdate Code Site Placement Intensity Durtion Totdrdnfdl retumintd Cdected pH EC A k M y  Tubklity Assessment oarkn TemperaM 
cm/hr min cm years mL mS/cm mglL NTU mg/L degrees C 
Rainfall simulation 
8/18/94 LY52 94-1 At 20 cm, 5.5 60 
below 
disturbed soil 
material 
bottom of 
stone line 
94-3 At 13 cm. in 5.4 
place of stone 
line 
bottom of 
stone line 
place of etona 
line 
94-2 At 20 crn, at 2.2 130 
94.4 At 14 cm, at 5.5 75 6.9 
94-5 At 7 cm, in 3.6 85 5.1 
6.5 100 326 6.6 0.40 0 30 It yellow. clear 43 15 
8/18/94 LY53 4.8 25 150 6.5 0.36 
85 7.1 0.61 57 
100 6.6 0.31 
6.5 0.21 225 
0 60 It yellow, clear 61 23 
611 7/94 LY54 70  6.3 ? 00 19 It yellow. dear 68 
0 117 It yellow, clear ... 
0 61 It yellow, clear 46 
28 
28 
17 
811 6/94 
8/16/94 
LY55 
LY56 
100 
50 
Water used for reinfell simulation 5.7 0.06 0 8 clear 6 24 
Natural rainfall and snowmelt events 
8/11/94 LY21 93-2 
8/11/94 LY31 93-3 
8/11/94 LV51 93-5 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
10 
100 
20 
150 
10 
21 0 
190 
150 
100 
50 
175 
7.6 ... ... 
6.3 0.11 0 
7.1 1.46 ... 
6.4 0.32 1.2 
7.2 ... ... 
7.0 0.22 17 
6.2 0.18 o 
v. It yellow, 
It yallow. clear ... 
v. It yellow, 
clear 
v. It yellow, 
v. It yellow, 
It yellow, clear 
v. It yellow, 
clear 
yellow, clear 
It yellow, clear 
clear 
... 
67 ... 
... ... 
... 
... 
27 
26 
27 
27 
27 
27 
16 
19 
18 
16 
11 
9 
27 
27 
27 
8/11/94 LY53 94-2 
8/11/94 LY54 94.3 
8/11/94 LY55 94.4 
811 1/94 LY56 94-5 
36 
11 
25 
17 
6 
4 
22 
16 
7 
... 
... ... 
... ... 
7.2 0.14 21 
7.7 0.20 37 
7.5 0.10 35 
7.6 0.14 35 
8.1 1.40 ... 
7.9 1.70 ... 
52 
31 
12 
42 
140 
97 
10121194 LY56 94-5 
11/11/94 LY21 93-2 
11/11/94 LY55 94-4 
11/14/94 LY66 94-5 
12/21/94 LY52 94-1 
12/21/94 LY56 94-5 
2/23/95 LY53 94-2 
2/23/95 LY55 94.4 
2/23/95 LY56 94-5 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA 
NA 
NA 
NA 
NA 
50 
200 
245 
70 
170 
6.1 0.12 
7.6 0.11 
7.7 0.12 
... 5 ... 24 ... 27 
clear 
clear 
It yellow, clear 
19 
14 
21 
.._ = not determined 
NA = not available 
temporally in water movement through the soil. Finally, the data document that 
even water that traverses soil pores quickly in events dominated by macropore 
flow picks up dissolved solutes (increase in electrical conductivity over the 
simulated rainwater) and dissolved organic compounds (increase in DOC), some of 
which are likely to be "colloidal" in size (a conclusion suggested by the increase in 
turbidity). 
FIELD INVESTIGATIONS: AMES WATER POLLUTION CONTROL FACILITY 
Site Context 
Zero-tension lysimeters constructed of polycarbonate were installed at the City of 
Ames Water Pollution Control Facility (WPCF) near Ames, Iowa, to monitor colloid 
transport in a soil during amendments with treated municipal biosolids. 
Soil and Vegetation 
The soil at the site is a fine-loamy, mixed, mesic Endoaquic Hapludoll (Coland 
series). To a depth of about 1 m the soil is a clay loam (about 380 g clay per kg 
soil). The surface horizon is massive in the upper 15 cm. From 15 cm to about 
60 cm depth the soil possesses fine and medium subangular blocky structure; 
medium prismatic structure occurs from about 60 cm to about 1 .O-1.4 m depth. 
The soil has a permanent cover of switchgrass (Panicum virgatum L.) and 
cottonwood-poplar hybrid trees, laid out in alternating alleys that are about 15 m 
wide and 365 m long. Appendix C of this report contains additional chemical and 
physical data for the soil at the WPCF. 
Sampling Design 
Twenty-four lysimeters were placed in plots associated with three levels of 
biosolids treatment (application rates of approximately 0, 2, and 5 dry t/ha) and 
two vegetation treatments. Four replicate plots for each treatment were assigned 
on a randomized block design. The lysimeters were placed at a depth of 
approximately 50-cm according to the procedures outlined above.. Half of the 
lysimeters (replicates 1 and 2) were installed in the fall of 1991; the other half 
(replicates 3 and 4) were installed in the spring of 1992. In water samples 
collected from the lysimeters following significant rainstorms, suspended colloids 
and particles were monitored by turbidimetric measurements with a ratio 
nephelometric turbidimeter. Heavy metals were determined by inductively coupled 
plasma spectrometry. Dissolved organic carbon was determined by Pt-catalyzed, 
low-temperature combustion on a Shimadzu TOC 5050. 
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Natural Precipitation 
There was considerable variability in the composition of samples collected from 
ZTLs installed in replicate plots. In fact, in some instances, no water was found in 
the ZTL of one replicate but it was found in other ZTLs of the same biosolids 
treatment. This observation confirms the significance of the spatial variability of 
and solute transport and supports the use of ZTLs that can be installed quickly and 
cheaply in large numbers at a site. 
For example, both temporal and spatial variations in dissolved organic carbon in 
ZTL water collected under poplar trees throughout the growing season of 1994 is 
shown in Fig. 10. For some sampling dates no samples were found in ZTLs of one 
or two biosolids treatments, but they were found in ZTLs of the other treatments 
(e.g., dates of 4/15, 5/2,  and 6/3). Where no error bars are shown in Fig. 10 only 
one ZTL of four replicates collected water from a precipitation event. Similar data 
are shown for the switchgrass plots in Fig. 1 1. 
Figure 12 summarizes the effect of vegetation and biosolids amendments on 
dissolved organic carbon concentrations in ZTL-collected soil water in 1992, 1993, 
and 1994. In general, dissolved organic carbon concentrations were greater in 
mobile water of the switchgrass plots than in water of the poplar plots. The lower 
levels of dissolved organic carbon in soil under poplar trees was probably related 
to the porosity and faunal activity in the switchgrass soil. During 1992, 1993, 
and 1994, biosolids were added to the plots only from the spring of 1992 through 
the spring of 1993. Figure 12 indicates that an effect of biosolids amendments on 
the concentration of dissolved organic carbon in mobile water was clearly 
discernible under switchgrass in both 1992 and 1993. 
We found that turbidity in the soil water collected was dependent upon the levels 
of biosolids addition to  the plot. In both 1992 and 1993, the higher the rate of 
biosolids addition, the less turbidity occurred in water that leached through the 
soil. Originally, we intended that turbidity would be used as an index of colloid 
concentration in the samples. The results with respect to biosolids additions 
suggest that greater additions of biosolids may be limiting colloid transport through 
the soil. Perhaps this is because organic matter in the biosolids acts to  stabilize 
soil particles by physical linkages. On the other hand, turbidity in the water 
samples was negatively correlated with electrical conductivity values, suggesting 
that the biosolids additions resulted in soil water with relatively higher ionic 
strengths. Larger ionic strength in the soil solution tends to  limit expansion of the 
diffuse layers of ions associated with soil colloids and to keep colloidal materials 
from dispersing. 
We used stepwise multiple linear regression to  identify the soil water parameters 
that were related to turbidity. Both electrical conductivity and Fe content of the 
water were strongly related to  turbidity in the samples (see equation below). 
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turbidity = 15.9 - 5.8 (EC) + 12.8 (Fe) 
r2 = 0.41 
probability > F (EC) = 0.0423 
probability > F (Fe) = 0.0001 
The very strong correlation of turbidity and Fe raises some doubt about whether 
turbidity is the best index of mobile colloids for these soils. Although Fe oxides do 
occur in colloidal size, they are not expected to be very mobile in this form at the 
pHs of the soil and water in this study. It is possible that Fe2+ may have moved 
into the lysimeters in solution phase, then oxidized and precipitated as colloidal Fe 
oxides before there was opportunity to measure turbidity in the collected sample. 
Such oxidation could have occurred very rapidly upon sample collection, but it 
could also have occurred in the lysimeter before sample collection. If such is the 
case, turbidity measurements would provide an inaccurate index of colloidal 
particles that are truly mobile in the soil and correlations of contaminant mobility 
with turbidity would be invalid. 
Levels of heavy metals in the soil water were always very low. In fact, it was 
rarely possible to  detect Cd in the water by the ICP technique that we employed. 
Levels of Zn and Ni were typically in the ranges of 5 - 20 mg L-', and these 
concentrations were not clearly correlated with any of the other parameters that 
we measured. Cu occurred in concentrations that were low (also typically 5 - 20 
mg L-'), but Cu levels could be correlated both to  treatment effects and to other 
soil water parameters. For example, significantly more Cu leached into the ZTLs 
installed in plots receiving biosolids treatment than in control plots. In addition, 
significantly more Cu leached into the ZTLs under switchgrass than into ZTLs 
under trees. There are a number of possible reasons for the variation in Cu 
leaching with vegetation, but the most likely is that the trees are more effective at 
taking up Cu and storing it in the biomass than are switchgrass plants. 
For 1993, multiple linear regression analyses indicated a correlation of mobile Cu 
with DOC, turbidity, and phosphorus (below). These statistics suggest that Cu 
moved through the soil in an organically complexed form, consistent with 
laboratory studies that have demonstrated strong complexation of Cu by soil 
organic matter. 
ug / mL Cu = -0.45 +0.44 (DOC)+ 0.03 (turbidity) + 3.2 (PI, r2 = 0.66 
(0.33) (0.0001 1 (0.0034) (0.0001 
We conclude that movement of both dissolved organic carbon and Cu was 
affected significantly by the type of vegetation growing in the soil, that Cu 
probably moved as an organometallic complex, and that turbidity could be related 
to inorganic colloids suspended in the soil solution collected by the ZTLs. Cd was 
not significantly mobile in the soil (at detectable levels). Ni and Zn appeared to be 
mobile at low concentrations, but those concentrations were not clearly related to 
other measured parameters. The validity of these conclusions is statistically more 
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certain because of the number of ZTLs we were able to install and monitor at the 
site. 
Rainfall Simulation Experiments at WPCF 
We conducted a snow melt simulation test at the Arnes site on April 20, 1994. 
This was accomplished with the rainfall simulator using distilled water as 
simulated, low-ionic strength snow. At a simulated intensity of 6.4 cm / hr, 
preferential flow to the ZTL started within 15 minutes of the application of water 
to  the soil surface. The suspensions were observed to be very cloudy and turbid 
in the field. The simulation experiment re-confirmed that the ZTL was sampling 
preferential flow of water through the soil, as it was designed to do. In addition, 
the cloudy leachates obtained during the experiment supported the hypothesis that 
low-ionic-strength water can mobilize colloidal materials as it travels preferentially 
through the soil. 
During November, 1994, we completed three rainfall simulation experiments at  the 
City of Ames Water Pollution Control Facility to test how the zero-tension 
lysimeters would function at different depths in the soil. ZTLs were installed at lo-, 35-, and 57-cm depths, and simulated rainfall M CaCI,) was applied at 
an intensity that averaged about 3.0 cm / hr. Analysis of the leachates recovered 
indicated that: 
Relatively large volumes of rainwater could move down rnacropores and into the 
lysimeters very quickly. For example, as much as 250 mL of water could be 
coliected in the deepest ZTL within about 30 minutes of the start of rain 
simulation. The electrical conductivity of the leachates indicated that there had 
been very little dilution of the water by pre-existing soil water. This is important 
because it validates the assumption that ZTLs are needed to  monitor preferential 
flow of water through contaminated soil. 
Water collected by the lysimeters picked up some organic matter and possibly Fe 
as it passed through the soil. This conclusion was reached by analysis of the 
water for dissolved organic carbon (DOC) and turbidity. We are still uncertain 
whether turbidity values primarily reflect mobilized colloids (e.g., organic matter or 
phyllosilicate clay minerals) or Fe oxides that precipitate from Fe2+ dissolved in the 
leachate. 
The amount of organic matter dissolved in the water decreased with travel 
distance through the soil. In other words, leachate collected in the deepest 
lysimeters had the lowest DOC values. This observation implies that organic 
matter mobilized from the surface of the soil may be sorbed by the soil along 
macropore walls during transport. 
In all, these experiments confirm that ZTLs installed at fairly shallow depths could 
be used to monitor colloid and dissolved solute transport effectively where 
contaminants occur near the soil surface. 
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AUTOMATION OF ZTL SAMPLING 
Need 
One of the problems with the ZTL as currently designed is that it requires both 
manual determination of whether leachate has been collected and manual pumping 
of the sample. At many contaminated sites, safety rules require technicians to  
work only in pairs as well as to dress out in personal protective equipment before 
entering contaminated sites. An automated sampling system for the ZTLs could 
result in significant savings of both worker time and operating expenses. While 
there would be added expense for each ZTL, the savings in human time and 
personal protection equipment required for every entry into a radiological control 
(RCA) area would likely offset the cost. Moreover, installation a t  remote locations 
would be more feasible. 
Design 
During July through September 1994, design work for automation of the zero- 
tension lysimeters was conducted in conjunction with engineers in the Technology 
Integration Program of Ames Laboratory. The design work has been completed, 
and portions of prototype units have been fabricated. 
In the current design, sensing probes are to  be placed through the side of the ZTL 
to determine the presence of a chosen level of leachate (e.g., 20 mL). The probes 
are to  be connected to a monitor box in which a light, buzzer, and microprocessor 
are located. When water is present to the level of an indicator sensor, the light 
will flash and the buzzer will sound. When a predetermined amount of water is 
present (i.e., to  the level of a pump sensor), a pump will be automatically activated 
to empty the lysimeter into an above-ground container that can be retrieved by 
personnel later. The microprocessor has been programmed to check the status of 
the sensors every 500 seconds. If the pump sensor detects water and the 
indicator sensor is also detecting water, the pump will turn on and run for 500 
seconds. if, after this time, the water level has dropped below the level of the 
pump sensor, a no-detect signal will stop the pump and the light / buzzer display. 
We are currently trying to  determine the best kind of pump to use in remote 
locations where power must come from batteries. 
ALTERNATIVE APPROACHES TO SAMPLING ZERO-TENSION SOIL WATER 
Alternative sampling devices include zero-tension lysimeters of conventional design 
(Le., lateral installation) and piezometers. The disadvantages of conventional- 
design zero-tension lysimeters are related to  the possibility of site disturbance 
during installation and the cost of opening a large pit so that the device may be 
installed laterally. An advantage of the improved design described herein is that 
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more devices can be installed in a given amount of time, making feasible more 
reliable assessments of the spatial variability of colloid-facilitated transport of 
contaminants. 
Piezometers have been used to  sample groundwater for mobilized colloids, but 
serious questions have been raised about disturbance of fine-grained aquifer 
material during purging and sampling of wells (PUIS and Powell, 1992). To prevent 
disturbance may require extremely slow pumping rates that are not cost-effective 
in routine monitoring situations. In addition, the soil volume through which water 
has moved before reaching a piezometer is difficult to  define, making localization 
of contaminant sources difficult. 
Another zero-tension lysimeter design requiring installation with an hydraulic probe 
at a 45-degree angle was recently described by Simmons and Baker (1993). They 
identified the main limitation of their sampler as the inability to  calculate an 
accurate cross-sectional area of soil through which the sampled water had moved. 
In contrast, the volume of soil sampled by the ZTL of the present report is much 
more easily estimated. A second advantage of our design is that the soil 
immediately above the lysimeter is not smeared during installation and the integrity 
of natural pores at that position is maintained. A final advantage of the present 
design is the ability to  maintain hydraulic contact with the overlying soil by an 
increment of appropriately sized sand at the top of the ZTL. Therefore, soil water 
that moves through the overlying soil has a greater chance of entering the 
lysimeter. 
LIMITATIONS OF THE DESIGN 
Water collected in the zero-tension lysimeter described here is expected to have 
moved primarily vertically through the overlying column. Thus the approach may 
not be appropriate for sites where significant lateral flux is expected due to surface 
topography, landscape position, or vertical anisotropy of permeability. 
Where clay content of the soil exceeds about 350 g kg-', the sampled core may 
remain separated from the undisturbed soil that surrounds it through more than 
one wetting cycle. Thus pore discontinuities at the lateral boundaries of the core 
can persist. There are two alternatives to address the problem. First, the 
discontinuities may be encouraged in order to know more accurately the volume of 
soil through which water has moved. Lateral movement of water and roots into 
and out of the core may be prevented by coating the circumference of the core 
with a thin layer of rubberized asphalt before returning the core to  its position in 
the soil (Kluitenberg et al., 1991 1. This procedure is most appropriate for 
lysimeters used in precipitation simulation studies where mass balances are 
required. Alternatively, after the soil core is replaced in the ground, air-dry soil 
material, ground to pass a 2-mm sieve, may be used to fill in around the core wall. 
The soil material should be similar to (if not identical with) the soil horizon(s1 
contained in the core. Such a procedure encourages normal'root growth and 
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water movement across the core boundary, eventually leading to disappearance of 
the core boundary. 
If the lysimeter is to be used for quantitative measurements of solute flux through 
saturated soil, ideally it should be installed at sufficient depth that the exit 
boundary does not affect flow processes in the column (van Genuchten and 
Parker, 1984). An estimation of that depth usually involves applying a model 
based on the advection-dispersion equation to miscible displacement experiments 
on undisturbed soil columns in the laboratory (van Genuchten and Wierenga, 
1986). To estimate the dispersion coefficient, a nonreactive solute such as 
chloride is typically used as a tracer in such experiments. Unfortunately, 
dispersion coefficients for nonreactive solutes are unlikely to represent dispersion 
coefficients for suspended soil colloids. An important area for future research is to 
investigate the effects of the exit boundary on colloid transport in zero-tension 
lysimeters of all types. 
BENEFITS OF THE IMPROVED ZERO-TENSION LYSIMETER 
Zero-tension lysimeters are intended to capture samples of suspended colloids as ’ 
they move in the vadose zone. The specific benefits of the proposed design are 
related to the simplicity of installation and the concomitant reduction of cost of 
monitoring. Because more ZTLs of the proposed design than of the conventional 
design can be installed to assess site variability, more accurate monitoring of the 
temporal heterogeneity of contaminant transport before, during, and after 
remediation will be achieved. In addition, because of the improved spatial 
resolution in sampling and monitoring, if contaminants are mobilized, their source 
can be more easily identified than with piezometer-based monitoring methods. 
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APPENDIX A 
General Description and Classification of Soils at the Rocky Flats Environmental 
Technology Site (RFETS) 
Most of the soils at  the RFETS are Argiustolls, i.e., soils formed in a semi-arid 
climate under the influence of prairie vegetation and containing subsurface 
accumulations of clay. They typically have mollic epipedons that are relatively 
thick surficial horizons with abundant organic matter. Mollic epipedons reflect 
annual below-ground additions of organic matter to  the soil by decomposition of 
the roots of prairie grasses and forbs. 
Few of the soils at RFETS have no evidence of lithologic discontinuities. This fact 
suggests the importance of alluvial and colluvial parent materials to soil 
development (Shroba and Carrara, 1994). Similarly, even though the fine-earth 
fraction (Le., < 2-mm material) is dominated by clay particles in most of the soils, 
there are often abundant coarse fragments that result in classification of the soils 
into clayey-skeletal particle-size groups Some soils have horizons near the soil 
surface that have high clay contents, making them susceptible to cracking in 
summer months. 
Most of the soils at RFETS are classified as having argillic horizons, reflecting 
apparent accumulations of clay in the subsurface. Argillic horizons generally have 
at least 20 percent more clay than the soil horizons overlying them. The common 
occurrence of lithologic discontinuities (see below), however, suggests that not all 
the clay in the subsurface horizons is illuvial. Most of the soils have a surficial cap 
of silt loam (loess?) that is 10-1 5 cm thick. Most of the soils have subsurface 
accumulations of calcium carbonate as well. In several soils that accumulation is 
great enough to formally identify calcic horizons. 
The majority of soil horizons have clay fractions consisting of a mixture of 
smectite, clay mica, and kaolinite. But in most horizons, smectite is the dominant 
clay mineral, typically accounting for as much as 60% of the clay fraction. The 
abundance of smectite in the soils probably reflects the many potential sources of 
smectite as well as its characteristic particle size. Smectite in these soils was 
probably derived partly from Cretaceous-age shale. The shale formed the parent 
material for many of the soils investigated, either directly or as a source of the 
colluvium or alluvium in which the soils developed. Smectite may also have 
formed by neoformation as primary minerals weathered and released Si, AI, Fe, 
Mg, and Ca. Finally, smectite commonly occurs in fine clay fractions, a size that 
makes smectite particles susceptible both to  transport by wind and water erosion 
and to  accumulation in low-lying landscape positions. 
With a few exceptions, clay mica contents are greatest near the soil surface and 
decrease with depth. This is the opposite trend from what one would expect in 
moderately to highly weathered soils, and it confirms the hypothesis that the soils 
have not significantly weathered since deposition of the parent materials. 
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APPENDIX B 
Soil Characterization at the Sites of ZTL Installations at the Rocky Flats 
Environmental Technology Site 
Table 1A presents chemical, physical, and mineralogical data for Pit 1 of the five 
intensively monitored trenches east of the 903 Storage Pad that was the source of 
Am and Pu contamination. The presence of a calcic horizon at about 27 cm is 
indicated by the calcium carbonate data. In addition, micromorphological 
observations (Table 2A) suggest that faunal activity in the soil surface horizons 
has been great. Pu added at the surface by aerial deposition may have been 
carried into and mixed with the soil A horizon by fauna such as ants and 
earthworms. Because of its irregular decrease in organic carbon with depth, the 
soil was classified as a fine-loamy, mixed (calcareous), mesic Fluvaquentic 
Haplustoll. The series most closely matched and mapped in the area is Halverson 
(a fine-loamy, mixed (calcareous), mesic Ustic Torrifluvent). 
Pit 2 occurs in a colluvial footslope position to the east of the storage pad that 
was the source of Pu and Am contamination. Table 3A presents the chemical, 
physical, and mineralogical data for the soil at Pit 2. This soil has a weakly 
developed argillic horizon that begins at 19 cm depth. In addition, there is a 
paralithic contact with weathered shale at 50 cm depth. The higher clay contents 
and bulk densities of materials at  these depths (relative to  overlying horizons) are 
likely to  limit deep vertical migration of contaminants. But lateral translocation 
along these horizons may still occur. The Am and Pu survey indicated very little 
radioactivity at depths greater than 19 cm. The soil at this site would probably be 
classified as a fine, montmorillonitic, mesic Torrertic Argiustoll (Kutch series). 
Table 4A summarizes the micromorphological descriptions of the soil at Pit 2. As 
at Pit 1, micromorphological observations suggest that faunal activity in the soil 
surface horizons has been great. Pu and Am added at the surface by aerial 
deposition may have been carried into and mixed with the soil A and Bw horizons 
by fauna such as ants and earthworms. 
Pit 3 occurs in a colluvial footslope position. Table 5A presents the chemical, 
physical, and mineralogical data for the soil a t  Pit 3. This soil has an argillic 
horizon (a zone of clay accumulation) with about 40 per cent clay that begins at a 
depth of 51 cm. Inset into the argillic horizon is a pocket of very sandy material, 
probably the filling of an erosional channel. Whereas the high clay content of the 
argillic horizon would be predicted to limit deep vertical migration of contaminants, 
lateral translocation through the sandy channel fill could still occur. The Am and 
Pu survey indicated activities of Am and Pu of 40 and 250-300 pCi/g between 6 
and 14 cm depth, but very little radioactivity occurred at  depths greater than 18 
cm. Therefore, at this point, there is little evidence of significant actinide 
migration below the organic-matter-rich A horizon of the soil. The soil at this site 
is classified as a fine-loamy, mixed, mesic Aridic Argiustoll. 
Table 6A summarizes micromorphological descriptions of thin sections of the soil 
at Pit 3. As at Pits 1 and 2, micromorphological observations suggest that faunal 
activity in the soil surface horizons has been great. In fact, there was evidence (in 
the form of fecal pellets) of faunal activity in the argillic horizon. Although a 
lithologic discontinuity is suggested by the abrupt change in sand and clay content 
at 18 cm depth, the B horizons of this soil (to a depth of 108 cml did exhibit 
microlaminated clay coatings in channels as well as embedded in the soil matrix. 
Therefore, identification of an argillic horizon is well justified. The soil was 
classified as a fine, montmorillonitic, mesic Aridic Argiustoll and correlates well 
with the Standley series. 
Pit 4. Also in a colluvial footstep position on the intensively monitored slope, the 
soil at Pit 4 exhibits a well-developed mollic epipedon that overlapped with the 
uppermost portion of the argillic horizon (i.e., 18-41 cm). Although a lithologic 
discontinuity is suggested by the abrupt change in sand and clay content at 18 cm 
depth, the B horizons of this soil (to a depth of 108 cm) do exhibit microlaminated 
clay coatings in channels as well as embedded in the soil matrix. Therefore, 
identification of an argillic horizon is well justified. The soil is classified as a fine, 
montmorillonitic, mesic Aridic Argiustoll and correlates well with the Standley 
series. 
Pit 5 occurs in a backslope position to the east of the 903 Storage Pad. The soil 
at this location is the most contaminated of the monitored soils. In the upper 10 
cm of the soil, Pu 239/240 was measured at levels of 200-700 pCi g- l ,  and Am 
241 occurred at levels of 20-70 pCi g-1. 
Table 9A presents the chemical, physical, and mineralogical data for the soil at  Pit 
5, and Table 1 OA summarizes micromorphological descriptions of thin sections of 
the soil. Mollic colors extended to a depth of 48 cm, and an argillic horizon could 
be clearly identified to start at 48 cm depth. Thin section studies corroborated the 
argillic classification because microlaminated infillings and embedded coatings 
were observed in a sample from the 48-120-cm zone. Evidence of biological 
activity included tissue fragments and roots in the A horizon, tissue fragments and 
fecal pellets in the Bw horizon, and roots in the Bt horizon. The large content of 
coarse fragments in the Bw horizon placed this soil into the loamy-skeletal, mixed, 
mesic family of Aridic Argiustolls (Nederland soil series). 
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PIT 1 
PARTICLE SUE DISTRIBUTION 
SAND SILT CLAY 
A 0-16 46.9 
AB 16-27 27.6 
Bkl 27-68 36.3 
Bkg 68-76 36.6 
Bo 76-103 41.3 
2BCg 103-123+ 34.2 
HORIZON DEPTH 
om 
A 0.16 
AB 16-27 
Ekl 27-68 
Bkg 68-76 
Bg 76.103 
2BCg 103-123+ 
SPECIFIC 
SURFACE 
AREA 
7.1 8.0 
8.9 8.8 
11.2 12.6 
11.2 13.7 
11.8 12.2 
14.3 13.6 
BULK 
DENSITY 
m21g 
182 
237 
194 
172 
162 
190 
glom3 
1.22 
1.63 
1.43 
1.42 
1.66 
1.61 
2 - b m  C2rm 
3.9 
4.1 
6.6 
6.4 
6.4 
6.8 
34.1 
40.7 
36.3 
33.1 
29.2 
31.7 
CLAY MINERALOQY 
Hydroxy- Other 
Smrotita Vermioulite Clay mioa Kaolinite interbyerod aoethite Quartz Faklepar IepeoHy) 
t. **. .. 
.** *. .. 
*. ** 
.* .* ...* .* .. 
*.* .. .* 
a 0 a 
a a 
e a 
a 
a 
a 
a I *brant, * P tracs (<6%), * '  = p r m t  i6-30%1, '*' = abundant i3080.61. a 
* * /i drmlnant I >  8021, ND - not datennina). m - d m  
m* 
m* 
CHEMICAL ANALYSIS 
HORUON DEPTH Wp2mm 20-601rm 6.2Q11-n 
om % 
R E E  SESOUIOXIDES IDlTHlONlTE 
EXTRACTABLE) EXCHANQEABLE CATIONS 
PASTE CsC03 
PASTE pH E.C. O.M. EaUN Ca Mg Na K CEC Fr Mn AI Si 
mmhoafom % meqflOO l 4  lo 
7.4 
7.7 
0.0 
7.9 
7.9 
8.0 
0.8 
1.1 
0.4 
0.6 
0.6 
0.6 
4.1 
2.6 
1.3 
1 .6 
0.4 
0.2 
2.0 
6.6 
12.2 
10.7 
9.0 
6.6 
21.8 2.9 0.1 
26.9 3.6 0.1 
26.7 3.9 0.2 
26.7 3.9 0.2 
23.8 2.8 0.2 
24.7 3.0 0.3 
1.7 28.6 2029 
30.3 3281 1.6 
29.9 2160 0.6 
0.3 26.8 2112 
0.2 22.6 1922 
24.4 1497 0.3 
30 
26 
10 
4 
6 
7 
607 
966 
742 
668 
626 
47 1 
1668 
926 
61 1 
613 
662 
760 
Table 1A 
Micromorphological Features at Study Sites Pit 1 
A 0-1 6 spongy with complex single-spaced porphyric 
packing pores (embedded grain) 
grano-striated and 
mosaic spackled 
quartz, microcline and 
plagioclesa: chlorite, 
soma highly weathered 
common root fragments: 
occasional tissue about 8Opm diem 
fragments 
common elipsoidal fecal pellets, 
AB 
Bkl 
18-27 
27-58 
weak subangular blocky single-spaced porphyric 
I channel 
polycrystalline and 
monocrystalline quartz 
crystellitic few tissue fragments few sand grains coated with 
calcita 
weak subangular blocky single-spaced porphyric 
I channel 
crystallitic polycrystalline and 
monocrystalline quartz : 
weathered orthoclase[?); 
few feldspars 
few micritic nodules, 2-3 pm diem 
58-76 channel, 100-250 pn 
diem spaced porphyric 
single-spaced and doubla- crystallitic monocrystalline quartz, 
some polycrystalline 
quartz: vary few 
weathered feldspars; one 
' large chlorite flake 
zones of dense micrita common; 
abundant grain coatings of calcite 
and possibly clay 
w cn 
abundent calcite nodules end pore 
fillings 
76- 103 weak subangular blocky single-spaced and double- weakly crystallitic and quartz; plagioclase 
I channel spaced porphyric stipple-speckled feldspars; microcline 
2BCg 103-1 23 + weak subangular blocky double-spaced porphyric crystallitic and stipple. gravelly: gravels are 
I channel spackled coated with micritic 
calcite; gravel is chart or 
polycrystalline quartz; 
sand grains are quartz, 
plagioclase, microcline 
common micritic nodules, 
coatings, hypocoatings 
Table 2A 
PIT 2 
HORIZON DEPTH 
PARTICLE SUE DISTRIBUTION 
SAND SILT CLAY 
BOu-2mm 20-BOum 6.2Wm 2-%m < a m  
CLAY MINERALOQY 
A 
BW 
Bt 
281 
3BC 1 
38C2 
4BCgkl 
om 
0- 7 
7.19 
19-60 
60.106 
60- 106 
60-106 
106+ 
% 
64.4 8.0 7.2 3.9 16.6 
69.9 6.6 6.6 3.2 14.9 
49.1 6.7 6.9 4.1 34.2 
36.1 7.6 12.8 7.0 36.6 
84.6 2.0 2.4 1.2 9.8 
70.2 6.2 6.0 2.2 16.9 
14.1 12.3 19.7 9.9 46.0 
CHEMICAL ANALYSIS 
HORIZON 
A 
Bw 
Et 
281 
3BC 1 
3BC2 
4BCgkl 
DEPTH 
SPECIFIC 
SURFACE 
AREA 
w 4 
BULK 
DENSITY 
om 
0-7 
7-19 
19-60 
60-106 
60-106 
60-106 
106+ 
m2lg 
62 
70 
169 
166 
31 
114 
228 
Table 3A 
glom3 
1.01 
1.39 
1.46 
1.40 
1.69 
Hydroxy- Other 
Smaotita Vermiouliie Cky mioa Kaolinite intarkyarod Qwthita auartt hldepar (epeoify) 
.. .. .. . me .. .. .. + + m. 
a m' 
a a m* 
a a a 
a a a . ... .. +*  ... *. .. a . . .. . .. . . 
.*. . .. +. . . a 
...e .. +. . . m* a 
a = abmt,  * P t l w  (CSW), 9' P piwent l6-30%1, * * *  = llbvndnt (3O-BOXl. 
* a * *  = dmdnmt I>BO%I, ND = not detelmlnsd. rn = mi- 
PASTE 
PASTE pH E.C. 
mmhoalom 
7.2 1 .o 
7.0 1.4 
7 .Q 0.6 
7.0 0.6 
7.4 0.3 
6.1 2.9 
7.6 0.9 
CaC03 
O.M. EOUN 
% 
10.4 0.4 
6.4 0.3 
1.3 0.2 
0.6 0.6 
0.4 0.6 
0.2 0.3 
0.2 2.7 
EXCHANOEABLE CATIONS 
Ca Mg Na K CEC 
meq1100 
16.4 2.0 0.2 0.9 27.4 
16.0 2.0 0.1 0.9 19.8 
17.4 2.9 0.2 0.7 22.8 
16.1 2.1 0.1 0.2 19.8 
4.3 0.4 0.1 0.1 6.0 
9.0 1.3 0.1 0.1 9.9 
29.7 3.6 0.1 0.3 26.6 
FREE SESOUDXIDES IDITHDNITE 
EXTRACTABLE) 
Fe Mn AI 
441 1 
4120 
10604 
29474 
40731 
6146 
2207 
#e le 
137 436 
90 461 
160 1370 
1340 1680 
8288 729 
48 647 
113 288 
si 
_.- 
1648 
1180 
1101 
971 
1493 
777 
1169 
Micromorphological Features at Study Sites Pit 2 
A 0-7 weak crumb, with eneulic (intergrain undifferentiated (too 
complex packing pores microeggregate) much organic matter) 
Bw 7-1 9 week, medium. 
subangular blocky; 
chennels 
singlcspeced porphyric 
(embedded grein) metter (50%) ere 
zones of high organic 
undifferentieted; other 
zones are randomly 
striated 
19-50 weak, medium. double-spaced porphyric randomly and greno- 
subangular blocky; striated 
channels 
Bt 
281 50.105 channels. dominantly double-speced porphyric grano- and randomly 
200-400 pm diameter striated; weekly poro- 
striated 
36C1 50-1 05  channels 
3BC2 50-1 05 channels 
4BCgkl 105+ massive 
Table 4A 
coarser zones (clf - 200): greno- end randomly 
close porphyric striated 
finer tone (clf - 50): double- 
spaced porphyric striated 
grano- end randomly 
open porphyric dominantly randomly 
striated 
quartz, microcline, 
plagioclase fragments; occasional 
common roots and tissue 
worm fragments; 
ebundent finely 
comminuted debris 
monocrystelline, decomposing leaves, decomposing roots with fecal 
polycrystalline, roots pellets inside; some sections ere 
metamorphosed quartz like Et, Some ere like A with lots 
of organic matter; eerthworm 
body filled with soil materiel; 
striated b-fabric suggests B 
horizon 
quartz, chert, plagioclase, most grains ere surrounded by 
microcline loose filling of fecal clay coatings 25-50 /fm thick; 
little evidence of illuvietion 
(undisturbed pore clay coatings) 
occeiional pore with 
pellets; common root 
fregments and traces 
dominantly quartz; 
apperently rare feldspars 
dominently 250-500 prn 
quartz, moderetely sorted 
and sphericel; chert 
quartz dominant; rere 
chert end plagioclase: 
occesionel hornblende 
shale fragment? Fe oxides in 
irregular zones 1-6 p m  in diemater, 
epprox. 30 % of surface; little 
evidence of illuviation 
Fe oxide mottles covering zones 1- 
5 jm in diemeter: little to no 
evidence of illuviation 
common CeC03 nodules, 
sphericel, 200-800 p m  diem, 
micritic; few Fe oxide mottles end 
nodules 1-500 p m  diameter 
PIT 3 
PARTICLE 6lZE MSTRIEUTION C U Y  MINERALOOY 
Hvdroxv- Other 
6AND 
60p2mm 
61LT CLAY 
HORIZON DEPTH 
cm 
0-1 8 
18-36 
36.61 
61-120 
61-120 
61-120 
120t  
67.3 
68.1 
80.4 
16.0 
76.0 
61.2 
22.4 
6.6 
8.2 
4.8 
14.8 
4.3 
6.0 
17.1 
6.8 
8.0 
6.8 
18.1 
3.8 
6.4 
18.7 
3.8 
3.6 
3.6 
10.0 
2.6 
3.8 
7.8 
16.6 
28.3 
26.7 
38.8 
14.6 
34.8 
34.0 
.* .. .. 
*** .* .. ... .. .. . .... .. .. . 
.* .. . 
.* .* .. 
(I 
a 
a 
a 
a 
(I 
a 
0 (1 
a a 
a a 
a 
e ,, .b.nt, I isace (e6%), **  - pnen( (6.3OXI. ’** - &m&nt 13080%). 
* * I *  I dadnant (>eo%), NO - ml detamnsd, m - m’u. I - I.PidmoCit* 
.... *. .. . 
(I 
A 
AB 
Ew 
ECg lclavl 
BC1 (sand) 
EC2 
BCkl 
CHEMICAL ANALYSIS 
EXCHANOEAELE CATION6 
REE 6E6QUOMDE6 (MTHIONITE 
EXTRACTABLE) 
6PECIFIC 
SURFACE 
AREA 
BULK 
DENSITY 
caco3 
EQUIV Fa Mn AI I HORIZON DEPTH PA6TE pH PA6TE E.C. O.M. CS M a  Na K CEC 
m2Ia olcm3 mmhorlcm % meq1100 
1 .o 
0.4 
0.2 
2.3 
0.2 
0.1 
3.6 
7 .O 1.1 
7.1 0.6 
7 .O 0.4 
7.7 0.6 
7.2 0.4 
8.7 0.4 
7.8 0.8 
10.0 
2.0 
0.8 
0.3 
0.4 
1.6 
0.2 
16.7 1 .e 0.1 
16.2 2.6 0.1 
14.4 2.6 0.2 
26.4 4.4 0.3 
6.6 1.2 0.1 
11.4 2.7 0.1 
28.3 4.7 0.4 
1.3 
0.6 
0.4 
0.3 
0.2 
0.8 
0.3 
27.0 
23.3 
20.8 
28.6 
8.4 
28.0 
26.0 
4080 162 
6370 84 
7766 126 
10243 168 
9683 48 
7876 131 
2863 178.6 
47 0 
1061 666 
1004 817 
788 873 
782 678 
1862 071 
266 1008 
A 
AB 
Bw 
ECg (clay) 
EC1 Isand) 
BC2 
BCkl 
0.18 
18-36 
36-61 
61-120 
61-120 
61-120 
120t  
60 
130 
120 
188 
84 
178 
171 
1.63 
1.36 
1.48 
1.63 
1.43 
1.3s 
1.63 
Table 5A 
Micromorphological Features at Study Sites Pit 3 
A 0-18 
AB 
strong granular 12-5 
mm), with compound 
packing pores 
single-spaced porphyric 
(embedded grain) 
undifferentiated (too 
much organic matter) 
18-35 dominantly channel chitonic-gefuric (bridged grano-striated 
porosity and coated grain) 
Bw 35-51 
BCg (clay) 51-120 
channels, dominantly 
200-500pm diameter 
channels (200.500 pm 
diameter) 
fine-aggregate 
portion(c/f - 50): open 
porphyric; coarse 
aggregate portion(c/f - 
100): single-spaced 
porphyric 
open porphyric 
BC1 (send) 51-1 20 channels and vughs chitonic-gefuric 
(200-500 pm) 
fine aggregate portion: 
poro- and rendomly 
striated; coerse 
aggregate portion: 
grano- and randomly 
striated 
mono- and randomly 
striated; randomly 
striated 
grano- and randomly 
striated 
monocrystalline and 
polycrystalline quartz, 
plagioclase. microcline. 
chert 
200-600 pm diam well 
sorted spherical-oblate 
quartz; occasional chert, 
microcline, plagioclase 
quartz > > chert > 
microcline > plagioclase 
Fa oxide - cemented 
sandstone fragment 1-2 
cm diameter, quartz; 
dominantly quartz; one 
microcline grain 
quartz > chert > 7 
microcline 
abundant tissue 
fragments (coarse and 
fine); abundant roots; 
common worms; 
humified organic matter 
few strongly - 
moderately decomposed 
roots 
rara, moderately 
decomposed root 
Be2 
BCkl 
Table 6A 
51-120 weak channel: 200-400 poorly sorted; open grano- and randomly quartz > chert (which is one large tissue 
pm diameter porphyric, with 250-300 striated common) > microcline fragment with fecal 
pm diam. sand grains and plagioclase pellets throughout 
most common 
120+ mainly planar pores, 50- open and single-spaced randomly striated quartz grains dominantly 
200 p m  diameter; low porphyric 50prn; dominantly 
porosity clayey --- weathered 
shale? 
clay coatings around moat sand 
grains, 25.50 p; Fe oxides 
essociated with clay 
occasional micritic nodules and 
infillings 500-1 000 p diameter; 
common cryptocrystalline Fa 
oxide diffuse mottles and discrete 
nodules. 500-2000 pm diameter: 
clay coatings on pores not present 
clay coatings on sand grains (25- 
50 p m  thick or 250-500 pin 
diameter) 
microlaminated clay coatings 
around pores are not apparent. 
but oriented grain coatings, 5 0  
t 00 p m  thick, are abundant 
PARTICLE SIZE DISTRIEUTK)N 
SAND SILT CLAY 
HORIZON DEPTH 
om 
A 0.18 
Et1 18-41 
Et2 41-77 
Et3 41-77 
BCg 77-108 
2ECg 108+ 
60#-2mm 2O.Wpm 6-2O~m 2-Cm <)m 
% 
64.1 7.3 7.6 3.9 17.3 
38.4 7.6 9.2 4.8 40.0 
37.9 9.4 9.6 4.6 39.6 
38.6 8.8 10.0 6.1 37.6 
39.8 12.7 10.6 6.6 31.6 
24.4 13.6 16.7 8.0 38.4 
PIT 4 
CLAY MINERALOQY 
Hydroxy- 
intatbyera Other 
Smeotite Vermioulie Cby mica Kaolinite d Qoethka Quartz Foldmpat (opeoifyj 
a . a . m* 
a a a m* 
m* 
a a m* 
m* 
m* 
.* .. .. *. .. *. *. .. 
**. .. .. a * 
.*.* . *. .. . .... *. ** a 
sb.mt, * ., SWW, (<6%). * *  = p r m t  (6.30%). *'* = abundant (3040%1. 
* = drm(nant(> 80%1. ND = not dere!mhd. m 3 mfu 
SPECIFIC 
SURFACE 
HORIZON DEfTH AREA 
om m2lg 
A 0.18 69 
Bt 1 18-41 149 
Bt2 41-77 114 
Bt3 41-77 179 
WI 77-108 169 
2BCg 108+ 206 
BULK 
DENSITY 
glomt 
1 .os 
1.20 
1.60 
1.60 
1.41 
PASTE 
PASTE pH E.C. 
mmhoalom 
6.7 2.6 
6.6 0.9 
7.6 0.6 
6.9 0.6 
7.3 1.1 
7.9 0.6 
CHEMICAL ANALYSIS 
EXCHANOEABLE CATIONS 
FREE SESQUIOXIDES (DITHIONITE 
EXTRACTABLE) 
CaC03 
O.M. EQUN - 
% 
16.0 0.6 
1 .9 0.4 
0.6 c.1 
0.9 0.9 
0.4 0.3 
0.4 0.4 
meqllOO 
16.2 1.8 0.0 
17.6 3.8 0.1 
14.6 3.6 0.2 
18.0 3.8 0.1 
16.8 4.6 0.2 
19.1 6.2 0.2 
K CEC 
1.7 24.1 
1 .8 27.8 
0.7 19.7 
1.2 26.4 
0.6 22.6 
0.4 26.4 
Fe Mn AI si 
Ira 1s 
480 1498 4067 246 
6882 238 1112 1132 
6168 83 829 808 
9476 70 1686 1014 
11387 266 882 826 
3236 9 466 1202 
Table 7A 
Micromorphological Features at Study Sites Pit 4 
Rdrtad DIrtdbutlon 
MicmstNotural R t t a m  (elf-SO, unlear 
Hodzan Dapth (om1 Domlnrnt pomdty othamlra notad) Olmftingmcr h b d o  Mlnanl Camponntr Owrnlo Componmtr Pdologlcd k.tumr 
A 0-18 doubbspacad porphyric undiffarentieted monocrystalha end abundant tiseua ona disorthic rubangular blocky 
lambadded grain) polvowtaliins quartz; fregmant6. common pad fmm the underlying Bt 
occasional caloita grains worn8 end mote horizon, 2.6-3.0 mm 
and chart; common 
mlcroclina and 
plagioclase; aragonitel?) 
pncipiteta on soma 
quartz grains 
Bt l  18-41 vughy porosity 100-500 open porphyric 
p diematar; wk - f - 
sbk 
grano- and randomly monocrystallins and rem, strongly abundant clay coatings, 25-50 
striated poiyowtelline quartz/ decomposad tirrua pn thick, on grain > 100 p n  
microciina. plagioclase: fragment8 diameter: faw c~yptoc~ystaklina 
granitic rock fragments? Fe oxida coatings: clay 
abundenca in matrix common 
weakly laminated to 
nonlaminatad clay coatings on 
pores 
P 
N 
Table 8A 
Bt2 41-77 vuah and ohannal, 260- 6inglO-lpaCad porphyric grano- and randomly 
500 pn diematar striated 
Et3 41-77 channel 125-250 pn sinola-spacad porphyric randomly striated 
dirmrtar 
BCg 77-108 channal 200-500 pn single-spaced porphyric 6tippla-opacklsd and 
randomly striatad 
2BC9 108 t channel 200-500 pn ringla-spaced porphyric stippla~rpackled and 
weakly randomly 
rtrietad 
quartz > > chart; 
microcline and 
plngiocla6e; Fa oxida- 
coated mica fragments? 
; approx. 20 #m x 100 
ym Iathr 
lack of grnins coamar 
than about 150 pn; 
wall sortad with raspact 
to 100 pn diamatar 
grains; quartz with few 
othar rand minareb 
prasent 
vary faw grains > 150 
pn; waii.rorted 100 pn 
grains; mostly quartz. 
with occasionel chart; 
ram microclina 
modarataly wail rortad 
with grain > pn; 
quartz: occasional 
dacomposad shala 
fragmants 
nons obrarvad 
few, fin., highly 
dacomposad mot 
frrgmants; occaeional 
chennalr with loore 
incomplata filling of 
focal WIIats 
ram dacomposed mot 
fregmant 
occaeional modarrtaly oriantad 
clay coatinos am esroclatad with 
porer; occasional channalr 
coatad with micmlaminatad clay. 
25 - 60 pn thick; 
cryptocwtallinr Fa oxide 
mottlar. 1-6 mm; irregular 
nodular, 2-5 mrn diem; end 
hypocoatings 100-200 pn 
acmsr 
illuvial clay. modantsly oriantad 
end arrociatad with channal6: 
occasional Fa oxida nodular 1-2 
mm ;common Fa oxida mottlas 
2-8 mm lirrogular) 
pore coating* of clay not 
pnsant; few caiolta, micritic 
nodules 600 ym diameter: 
infilling 
PIT 6 
PARTICLE SIZE DISTRIBUTION 
SAND SILT C U Y  
HORIZON DEPTH %-2mm 20-SQm 6 - 2 0 ~ m  2 - Q ~ I  < L m  
om % 
A 0-16 62.3 
Bt 16-48 67.7 
BCg 48-120+ 43.8 
11.3 6.3 2.8 
7.6 8.2 3.8 
13.9 7.7 4.3 
16.4 
21.8 
30.3 
SPECIFIC 
SURFACE BULK 
HORIZON DEPTH AREA DENSITY e 
om 1-11219 glornS 
A 0-16 67 
Bi  16-48 102 
BCg 48-120+ 208 
1.16 
1.27 
1.82 
CLAY MINERALOQY 
Hydroxy. Other 
Smeotite Vermioulke Cbv rniw Kaolinite interbvwd Qeothite Quertz kklewr I#D.oHv) 
.. .. ... a a .* .. .. .. ** .. a . 8 . . . . m* m* 
CHEMICAL ANALYSIS 
RIEE SESQUIOXIDES [DITHIONITE 
EXCHANQEABLE CATIONS EXTRACTABLE) 
PASTE CsC03 
PASTE pH E.C. O.M. EQUN Ca Mg Na K CEC Fe Mn AI Si 
mmhoelom % meqllOO w Iu 
7.6 0.6 6.3 0.3 
7.6 0.4 4.4 0.9 
6.0 0.3 0.7 0.6 
16.1 
14.4 
19.1 
1.3 <0.1 
1.1 0.1 
3.6 <0.1 
1.6 20.6 
1.2 21.6 6790 223 1187 861 
0.4 26.9 16076 296 1678 1016 
Table 9A 
P 
P 
Micromorphological Features at Study Sites 
Pit 5 
Related Distribution 
Miaoebuotual  Pattern [OM-50, unleee 
Horizon Depth lcm) Dominant porodty othwwise noted) BiraMngenae F M o  M w d  COmpOMntS Oraanio Components Psddog(od Featues 
A 
Bt 
0-1 6 grenular and subangular clf-50: single-spaced undifferentiated 
blocky (1-5 mm) porphyric 
15-48 granular 
48-1 20+ channel and vughy 
many ooarse c/f-50: grains Undifferentiated 
bridged and coated 
grain; chitonic-gefuric 
sand content much less; 
oley content more; clf- 
50:singla-spaced 
porphyric [embedded 
grain) 
randomly strieted 
monoorystelline and 
polyorystalline quartz; 
common microcline, 
chert; occasional 
plagioclase 
monocrystalline and 
polycrystalline quertz; 
abundant plagioclase 
and microcline; 
occasional chert 
shale fragment 
decomposing? 
mainly fine, humified 
organic matter; 
occaiional tirsus 
fragments and roots 
highly birefringent 
organic tissue fragment; 
abundant f e d  pellets, 
75-250 pm in diameter 
roots common infillings of oleyey material; 
embedded clay coetinge; 
embaddad cryptocrystelline Fa 
oxides lamlneted near adge of 
sample; also mottles end nodules 
I600 pm-3 mm diem); 
heterogeneous material suggests 
colluvium 
Table 10A 
APPENDIX C 
Chemical and Physical Characteristics of Soil at the Ames Water Pollution Control Facility Research Site 
0-1 4 
14-28 
28-58 
58-1 42 
142- 
182 
182- 
21 5 
21 5- 
224 
224- 
27 1 
271- 
286 
6.2 
6.0 
6.0 
6.2 
6.2 
240 
260 
310 
430 
640 
6.4 
6,5 
6.3 
6.3 
840 
890 
880 
900 
120 
120 
100 
90 
140 
30 
20 
20 
240 
230 
200 
180 
100 
380 22.5 
390 22.1 
370 21 .o 
300 14.4 
170 9.0 
20 0 4.7 
20 60 2.7 
30 
20 
80 3.8 
60 2.7 
4.8 
5.8 
4.7 
3.1 
1.1 
0.3 
0.9 
0.7 
0.4 
0.4 
0.2 
0.3 
22.8 
20.3 
13.7 
4.9 
2.3 
0.2 0.8 
0.2 8.7 
0.2 1.1 
0.7 0.2 0.3 
5.8 
4.8 
2.9 
3.4 
1.7 
7.5 
3.9 
1.4 
0.78 
0.87 
0.89 
0.63 
0.69 
0.01 
0.03 
0.04 
0.01 
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